The vertical distributions and optical properties of aerosols over Shanghai were analyzed using data from ground-based observation, space remote sensing and trajectories. Measurements of spectral aerosol optical depth (AOD) were carried out at Shanghai using a hand-held multi-band sun photometer MICROTOPS II from
INTRODUCTION
Aerosols play an important role in the global climate system through modifications of the global radiation budget. However, the radiative forcing of aerosols remains dominant uncertainty in understanding climate change due to their short lifetime, various chemical and physical characteristics and complex spatio-temporal distribution (IPCC, 2007) . Particularly, information about tropospheric aerosol vertical distributions and optical properties is of paramount importance and necessary for precise radiative transfer calculation (Kaufman et al., 1997; Yu et al., 2006) .
Over the past decades, a number of studies on aerosol vertical distributions have been done by ground observation, remote sensing and modeling, including observation of some special pollution events such as dust storm and forest-fire smoke, analysis of vertical distributions of aerosol optical properties under different conditions and their effects on solar heating, and estimation of ground-level particulate matter concentrations from AOD, etc. Donkelaar et al., 2006; Chiang et al., 2007; He et al., 2008; Huang et al., 2008a, b; Chen et al., 2009; Wang et al., 2010) . The NASA Micro-Pulse Lidar Network (MPLNET) provides standardized and coordinated measurements of aerosol vertical distributions using a federated network of Micro-Pulse Lidar system, which has several sites collocated with the NASA Aerosol Robotic Network (AERONET) (Welton et al., 2001) . The Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observation/ Cloud-Aerosol Lidar with Orthogonal Polarization (CALIPSO/CALIOP) has acquired global aerosol vertical profiles since June 2006 . These projects give a chance to understand aerosol vertical distributions on a global scale (Royer et al., 2010; Yu et al., 2010) . In eastern Asia, several international field campaigns such as ACE-Asia and ABC projects and regional scale studies in major cities have been conducted in recent years Nakajima et al., 2007; Zhang et al., 2009; Hara et al., 2011; Hatakeyama et al., 2011) . These studies provide useful information of aerosol micro-physical, chemical, and radiative properties.
As one of the most developed cities of China, Shanghai suffers heavy aerosol loadings caused by local pollution and transport of remote source emissions. Furthermore, air masses from the East China Sea and the Hangzhou Bay bring sea-salt aerosols and water vapor to complicate aerosol optical properties in Shanghai, especially in summertime. Studies on aerosol properties over the Yangtze River Delta (YRD) including Shanghai indicated that aerosol loading was increasing dramatically for recent decades over this region (Luo et al., 2002; Duan et al., 2007; Xiao et al., 2011) . Pan et al. (2010) analyzed and compared the aerosol optical properties of five sites located within the YRD region. He et al. (2010) compared MODIS derived AODs with sun photometer measurements of seven sites in the YRD region and suggested that the complicated aerosols properties and underlying surface types would probably be the reasons of retrieval errors. However, few studies have taken aerosol vertical distribution into consideration, although it would benefit to further understanding of air pollution and improving radiative forcing calculation.
This study aimed to analyze the vertical distributions and optical properties of aerosols over Shanghai. Variation of AODs and Angstrom exponent, and the aerosol extinction profiles from November 2009 to October 2010 were studied. The results of ground-based observation, space remote sensing and trajectory analysis would provide insights into the relationship among aerosol optical properties, its vertical distribution, and aerosol transport mechanism in the atmosphere.
MEASUREMENTS AND METHODOLOGY

Site Description
AOD measurements in this study were performed on the roof of No.4 teaching building (31.3°N, 121.5°E) about 20 m height above the ground in the campus of Fudan University in Shanghai. This site is representative of urban district due to the influence of residential, traffic, and construction emissions.
Sun Photometer
A hand-held multi-band sun photometer MICROTOPS II (Solar Light Company, USA) was used to measure AODs at five wavelengths of 340, 500, 675, 870 and 1020 nm. The accuracy of wavelength channels is ± 0.3 nm in UV range and ± 1.5 nm in visible and near-infrared ranges. Optical depth of O 3 absorption is ignored in MICROTOPS II. More details about the performance and data acquisition methodology of the instrument are reported in the literatures (Morys et al., 2001; Ichoku et al., 2002) . The instrument was calibrated using comparison Microtops with a more accurate instrument before experiments, and using the standard Langley plots technique on cloud-free days in every month during the entire campaign (Ichoku et al., 2002) . The front quartz window of the instrument was clean regularly for keeping accuracy of data. During the campaign, a tripod was used to keep stable during observation and minimize the sun targeting error. First of all, to avoid cloud contamination, Microtops measurements were conducted on days that are as cloud-free as possible, and in any case, when there is no cloud patch covering or even close to the line of sight to the Sun. When possible, measurements were conducted around the local solar transit time (local solar noon) in order to limit the effect of optical distortions due to large solar zenith angles. Totally, one-year AODs were collected in the time of 11:00-16:00 LT (local time) at a 45-60 minutes interval from November 2009 to October 2010. And, 2 or 3 parallel measurements were made each time when AODs were collected to assure the quality of data.
CALIPSO/CALIOP
The Cloud-Aerosol Lidar with Orthogonal Polarization (CALIOP) is a near-nadir viewing two-wavelength polarization-sensitive lidar carried by CALIPSO satellite. Its 705 km-height sun-synchronous orbit has a repetitivity of 16 days. The laser built around Nd:YAG can produce simultaneous coaligned pulses at 1064 nm and 532 nm with a mean pulse energy of 110 mJ and a repetition rate of 20.25 Hz (i.e. a horizontal resolution of 333 m). The backscatter signals at 1064 nm and the parallel and perpendicular components of 532 nm are collected by a 1-m diameter telescope. Unlike the current generation of space-based remote sensing instruments, CALIOP provides high vertical resolution (30 m for -0.5-8.2 km and 60 m for 8.2-20.2 km) and allows retrieval of aerosol profile at night, over bright surfaces and above lower-lying cloud or beneath optical thin clouds as well as in clear sky conditions Winker et al., 2010) .
The Level 2 CALIOP aerosol product retrieval scheme is composed of a feature detection scheme, a module that classifies features according to layer type (e.g., cloud vs. aerosol) and sub-type, and finally an extinction retrieval algorithm that estimates aerosol backscatter, extinction coefficient profile and total column aerosol optical depth (AOD) using an "assumed" extinction-to-backscatter ratio (LR) for each detected aerosol layer ). There are 6 different aerosol types: polluted continental (LR = 70 sr at 532 nm), biomass burning (LR = 70 sr at 532 nm), desert dust (LR = 40 sr at 532 nm), polluted dust (LR = 65 sr at 532 nm), clean continent (LR = 35 sr at 532 nm) and marine (LR = 20 sr at 532 nm). The uncertainties on aerosol extinction coefficients are within ± 40% assuming an uncertainty of 30% on LR (Omar et al., 2009) . Plus, CALIOP's low signal-to-noise ratio in daytime which could lead to the misclassification and/or lack of aerosol layer identification, and the calibration coefficient biases in the CALIOP daytime attenuated backscatter coefficient profiles would also contribute to the uncertainties (Kacenelenbogen et al., 2011) . Details of the retrieval algorithm can be found in the CALIOP Lidar Level-2 Algorithm Theoretical Basis Document (ATBD).
The daytime vertical aerosol extinction profiles and column AODs derived from CALIOP used in this study were obtained from the CALIOP Level-2 5 km Aerosol Profile version 3.01 data products. The data were chosen on a 2° × 2° scale (30°-32°N, 120°-122°E), and several factors such as cloud and uncertainties were taken into consideration to guarantee the accuracy of data.
METHODOLOGY
Determination of Angstrom Parameter
The Angstrom parameters were obtained from daily mean AODs (500 nm-675 nm) using the Angstrom formula:
where is the aerosol optical depth at wavelength , is Angstrom's turbidity coefficient which indicates atmospheric turbidity, and is Angstrom exponent that depends on the size distribution parameter of aerosols (Angstrom, 1961) . This formula is based on the assumption that the aerosol extinction of solar radiation is a continuous function of wavelength without selective bands or lines for scattering or absorption (Rana et al., 2009) .
Comparison of CALIOP AODs with Ground-based Observations
To compare with the CALIOP AODs at 532 nm, AODs at 500 nm from sun photometer were converted to AODs at 532 nm using the Eq. (1). The column AODs derived from CALIOP were screened depending on several factors such as uncertainties and cloud, then chosen and averaged on a 2° × 2° scale (30°-32°N, 120°-122°E). The standard deviation of spatial averaged CALIOP AODs were calculated and analyzed. As CALIPSO passes through Shanghai at about 5:00 UTC, only the field measurements around this time were chosen for comparison.
Air Mass Back Trajectory
In this study, the Hybird Single-Particle Lagrangian Integrted Trajectory 4 (HYSPLIT 4) model developed by NOAA Air Resources Laboratory (Draxler and Rolph, 2003) , was applied to calculate air mass backward trajectories. And the meteorological data used to initialize HYSPLIT was from the NCEP Global Date Assimilation System (GDAS) data set. Table 1 illustrates monthly averaged AODs (500 nm) and Angstrom exponent (500 nm-675 nm), and their tendencies are showed in Fig Some previous studies suggest that the maximum AOD over Shanghai always occurs in summertime due to the raise of water vapor and aerosol hygroscopic growth Pan et al., 2010) . However, considerable low AODs appeared during summertime in this experiment period, probably because of the effects of measures in transportation, energy and construction industries, and other relative aspects taken by the Shanghai municipal government to improve the city's air quality before and during the EXPO. The improvement in the ambient concentration of PM 10 , SO 2 , and NO 2 for recent years registered the relative success of these efforts (UNEP Environmental Assessment, EXPO 2010, Shanghai, China, 2009). Hara et al. (2011) observed a 'summer trough' pattern of the spherical AOD in Guangzhou and Hedo due to the seasonal air mass exchange. Ge et al. (2011) reported a lower acidity of summer precipitation in Central China caused by strong East Asian summer monsoon. In light of these result, the summer monsoon which comes from the ocean and brings clean maritime air mass to improve the diffusion of pollutants is correlated to the low AODs of Shanghai in summertime. In addition, the remarkable increase of precipitation in summer due to monsoon could also decrease the concentration of atmospheric aerosols (Bhaskar et al., 2010) .
RESULTS AND DISCUSSION
AOD and Angstrom Exponent
A remarkable seasonal variation of can be seen in Fig.  1 . Low values of only occured in spring, while in other seasons it was mostly above 1.30. It illustrates dominance of accumulation mode aerosols in summer, autumn and winter, and the particulate pollutants are mainly from anthropogenic emissions. Dominance of coarse mode aerosols indicated by low values of in springtime is probably resulted from the long-distance transport of dust particles from Mongolia and northwest China (Gong et al., 2003; Bian et al., 2011) .
The chemical reactions of SO 2 and NO x play a considerable role in the atmospheric pollution of urban area (Seinfeld and Pandis, 2006; Wang et al., 2006; Katzman et al., 2010) . And a certain correlation between AOD and particle concentration is indicated by several studies (Engel-Cox et al., 2005; Donkelaar et al., 2006) . The relationships between concentrations of PM 10 , SO 2 , and NO 2 converted from Air Pollution Index which has been monitored by Shanghai Environmental Protection Bureau (www.envir.gov.cn) and AODs are discussed in this study. As seen in Fig. 1 As one of the most widely used indices of atmospheric turbidity, Angstrom's turbidity coefficient ( ) represents the combined effects of both scattering and absorption of aerosols. Angstrom exponent ( ) is related to the size distribution of aerosols. Correlation between and in the spectral ranges of 500 nm-675 nm of different seasons is given in Fig. 2 , The poor correlation of these two indices indicated that atmospheric turbidities were dominated by multiple sources of pollutant in different seasons. As the most developed city in China, aerosol emissions in Shanghai include both local pollution (mainly are anthropogenic sources), and long-distance transport of aerosols from inland and ocean (sea salt, dust, etc.) (Wang et al., 2006) . There is remarkable seasonal variation of and . As showed in Fig. 2 , the most turbid situation occurred in spring. Since the low values of illustrated the dominance of coarse mode aerosols, the turbidity might be mainly caused by dust particles. Most of clear days appeared in summer when there were both low and high values of , indicating the existence of both coarse (probably maritime aerosols) and fine particles. 
Vertical Distribution of Aerosols
The aerosol extinction ( ) profiles derived from CALIOP were classified into three types in order to better describe the complex vertical characteristics of aerosols. Rules for classifying the three types are listed in Table 2 , and the profiles are showed in Fig. 4 . Three factors including temperature, relatively humidity (RH) and wind shears (the vertical gradient of wind speeds) were chosen for identifying the vertical characteristics. The corresponding temperature and RH profiles are derived from the GEOS-5 data product provided to the CALIPSO project by GMAO Data Assimilation System (Rienecker et al., 2008) , and the wind shears are derived from GDAS1 windgram developed by NOAA Air Resources Laboratory (http://ready.arl.noaa.gov/ READYamet.php).
Figs. 4(a) and 4(d) shows the profiles of type I (20 September 2010). Aerosols were mainly concentrated near surface due to a weak inversion layer around 1.2 km which may confine aerosols in mixing layer. Above the inversion layer, dramatically decreased with the increase of altitude. Wind profile from top to the base of the aerosol layer showed that the wind speed was generally high, especially above 1.5 km which may improve the diffusion of pollutants. Source of aerosols of this type is probably local pollution, and the particles above inversion layer could be local aerosols lifted up by wind and aerosols remained in residual layer. For type II case (4 November 2009), CALIOP captured a well-mixed layer, in which aerosol-rich air mass was mixed up to nearly 1.8 km with a maximum extinction near the aerosol layer top. The relatively strong inversion layer around 1.3 km showed in Fig. 4 (e) would confine aerosols to the region below inversion layer, and wind speed kept low within the whole aerosol layer. Good correlations between high values of and RH around 1.5 km implied that aerosol scattering coefficients might be enhanced because of hygroscopic growth effect, normally for RH greater than 70% (Hanel, 1976; Fitzgerald et al., 1982; He et al., 2008) . This type of aerosol vertical distribution may mainly be attributed to the presence of convectively driven surface-emitted aerosols which tend to accumulate below inversion layer. Moreover, the aerosols remained in residual layer and aerosols from long-range transport may also play a part. However, it is hard to separate the contribution of aerosols from different sources in type II condition.
Type III which showed in Figs. 4(c) and 4(f) is more complicated than the above two types. To better describe the vertical characteristics of this type, two sub-categories were classified depend on whether inversion happened (IIIi) or not (III-ii). For the case of 8 February 2010, showed in black line in Figs. 4(c) and 4(f), more than one aerosol layer were captured besides near-surface one. Since the inversion layer around 0.5 km would confine local aerosols to the region below 0.5 km, it was clear that the source of near-surface layer was local pollutants And the upper aerosol layers which separated obviously from the near surface one Wang et al. (2010) . was probably resulted in long-range transport of aerosols. The wind speed kept low near surface and became much higher within upper layers. Compare to type III-i, there was no apparent inversion for type III-ii. Thus, although more than one remarkable aerosol layers were captured by CALIOP, it was hard to identify the source of each layer. Three types of aerosols may be responsible: (1) local aerosols which may concentrate near surface or be lifted up to the upper layer; (2) aerosols remained in the residual layer; (3) aerosols transported from remote sources.
The classification of all the 15 cases is showed in Table  2 . Type I, II and III were found in 2, 4 and 9 cases (3 for III-i, 6 for III-ii), respectively. For the 15 cases, type I and II conditions happened in autumn and winter, while type III mainly appeared in spring and summer when inversion barely happened. However, the classification of vertical profiles applied in this study is only an approximation. All the profiles given is only represent the situation around 5:00 UTC, and the spatial average calculation of profiles may smooth the results and bring uncertainties besides those of CALIOP and its retrieval algorithm.
Back Trajectory Analysis
Backward trajectory analysis is an effective and simple way to diagnose the movement of air mass. 5-day backward trajectories of the 15 cases which discussed in the previous section are showed in Fig. 5 . The heights of maximum extinction of near-surface layer and the top of upper layer for type III/the top of near-surface layer for type I and II were chosen to present the near-surface (Fig. 5(a) ) and upper layer (Fig. 5(b) ) air mass transport, respectively, and the trajectory altitudes are illustrated by color bars. This section would provide a brief discussion of backward trajectories in relation to vertical profiles classification (Table 2) .
For type I condition (only one remarkable and isolated near-surface aerosol layer were observed, and decreased as altitude increased) the two cases had different air mass pathways. For the case of 22 December 2009, the trajectory denoted that air masses came from northwest or west of China, passed over several provinces of the YRD, and then reached Shanghai. Thus it may bring some anthropogenic emissions to Shanghai. For another case of type I (20 September 2010), affected by summer monsoon, the air mass traversed over the East China Sea and probably brought some clear air and marine aerosols. Therefore, local pollutant would be main source of aerosols for this case. In general, the anthropogenic aerosols due to local pollution and long-range transport play a main role in cases of Type I condition.
The 5-day backward trajectories of type II cases show similar patterns. Except two eastern trajectories (4 September 2010) probably affected by summer monsoon, the rest trajectories mainly originated from northwest or north of China, and passed over the yellow sea/east sea of China. Previous study denotes that more aerosol water uptake or hydroscopic growth would happen when near surface shallow transport with anthropogenic aerosols over the ocean (Seinfeld, 1986; Kolev et al., 2000) . Since most trajectories for near surface layer were within 1 km when traversed over sea, the long-range transport pollution may be one of the sources of aerosols besides local ones. As same as type I, anthropogenic aerosols could be the main contributor to aerosol loading for the 4 cases of type II over Shanghai.
In contrast to type I and II, Type III shows more complicated characteristics. For type III-i cases, the 5-day backward trajectories of upper layer were mainly from the west of China and traveled over the YRD except 22 October case, while the near surface trajectories were different from each other. Besides long-range transport of aerosols, inversion which prevents mixing of vertical convective aerosols also plays an important role in the formation of multilayer aerosol structure of type III-i. For this sub-type condition, anthropogenic pollution still plays a significant part. However, for type III-ii, long-distance transport of aerosols would be the main factor of the multilayer structure formation. And three kinds of aerosols may contribute to the upper layer: (1) dust from Mongolia and northwest part of China which denoted by westerly trajectories in spring; (2) sea salt from the marine region which illustrated by easterly trajectories in summer; (3) smoke due to biomass burning which are from surrounding areas of Shanghai such as Anhui province .
An obvious seasonal characteristic can be summarized from the trajectories. The air masses were mainly from inland in spring, autumn and winter, while in summertime, monsoon from the sea would bring clean air to Shanghai. And the trajectories also denote some near-surface transport of aerosols from surrounding areas of Shanghai. It means that measures should not be only taken in Shanghai but also in its neighboring provinces to improve the air quality.
Comparison of AODs Derived from CALIOP and Sun Photometer
Determination of lidar ratio (LR) which based on the aerosol type, aerosol layer elevation and optical, geographical and temporal characteristics of aerosols plays an important role in the retrieval of aerosol extinction profiles and optical depth. However, as the number of MPLNET sites is very limited, particularly in areas outside the United State at present time, and the understanding about vertical distribution of aerosols is not full-established yet, there is still large uncertainties in the CALIOP retrieval of aerosols especially when it faces a wide variety of aerosol types over land (Royer et al., 2010; Kacenelenbogen et al., 2011; Kittaka et al., 2011) .
Comparison of retrieved AODs derived from CALIOP with those from ground-based observation is showed in Fig. 6 . The AODs derived from CALIOP and sun photometer agree generally with a linear relationship as AOD observation = AOD CALIPSO × 0.97 + 0.08 (R 2 = 0.59). An underestimation of CALIOP-derived AODs can be noticed clearly. Of all the nine cases, three ones are beyond the error range of = ± 0.05 + 0.2 . And all the error bars on the dots overlay with error range, representing some information in regard to variation of CALIOP-derived AODs along the satellite track. Kittaka et al. (2011) land such as wide variety of aerosol types may introduce uncertainty in choosing aerosol model and LR used in retrieval of CALIOP-derived AODs. Besides, several other different factors that are often related to each other can also lead to uncertainty, such as detection of aerosol layer base height, CALIOP's low signal-to-noise ratio in daytime, and the calibration coefficient biases in the CALIOP daytime attenuated backscatter coefficient profiles etc. As the number of cases is limited in this study, more data are needed to better evaluate the accuracy of CALIOP-derived AODs over Shanghai. The aerosol extinction ( ) profiles derived from CALIOP were classified into three types and discussed in consideration of temperature, relatively humidity and wind shears. All the three factors have different effect on profiles, and temperature is the most obviously one especially when inversion happens. Local pollution is the main source of type I and II profiles, while type III profiles represent the effect of both long-range transport of aerosols and local emissions. 5-day backward trajectories denote three possible sources of aerosols over shanghai besides local emission: (1) dust from Mongolia and northwest part of China; (2) sea salt from the sea; (3) smoke due to biomass burning from some surrounding areas of Shanghai. Both backward trajectories and the analysis of correlation between atmospheric turbidity and Angstrom exponent prove the multiple sources of pollution over Shanghai which would complicate the aerosol optical properties of the city.
Comparison of retrieved AODs derived from CALIOP and sun photometer shows a general agreement with AOD observation = AOD CALIPSO × 0.97 + 0.08 (R 2 = 0.59), and CALIOP data appears to underestimate the values of AOD. The different spatial range between the AODs derived from CALIOP with ground measurements, the assumption of lidar ratio and other factors such as relative low signal-tonoise ratio of CALIOP daytime data would contribute to the uncertainties of CALIOP derived AODs.
